ABSTRACT 4-Methyleneglutamine amidohydrolase has been extracted and purified over 1000-fold from 14-day-old peanut (Arachis hypogaea) leaves by modification of methods described previously. The purified enzyme shows two bands of activity and three to four bands of protein after electrophoresis on nondenaturing gels. Each of the active bands is readily eluted from gel slices and migrates to its original position on subsequent electrophoresis. Although they are electrophoretically distinct, the two forms of the enzyme are immunologically identical by Ouchterlony doublediffusion techniques and have similar catalytic properties. Activity toward glutamine that has a threefold lower Vmax and a four-fold higher Km value copurifies with MeGIn aminohydrolase activity. 4-Methyleneglutamine and 4-methyleneglutamic acid inhibit the hydrolysis of glutamine while glutamine inhibits 4-methyleneglutamine hydrolysis, further indicating the identity of the activity toward both substrates. Amidohydrolase activity is stimulated up to threefold by preincubation with either ionic or non-ionic detergents (0.1%) and also by added proteins (0.5% bovine serum albumin or whole rabbit serum); it is inhibited 50% by 1 millimolar borate or the glutamine analog, albizziin (10 millimolar). Rabbit antiserum to the purified peanut enzyme cross-reacts with one or more proteins in extracts of some plants but not others; in no instance, however, was 4-methyleneglutamine amidohydrolase activity detected in other species. Overall, the results support the hypothesis that 4-methyleneglutamine supplies N, via its hydrolysis by the amidohydrolase, to the growing shoots of peanut plants, whereas glutamine hydrolysis is prevented by the preponderance of the preferred substrate. Some results also suggest that this amidohydrolase activity may be regulated by metabolites and/or by association with other cellular components.
'Supported by Grants 2Abbreviations: MeGlu, 4-methyleneglutamic acid; MeGIn, 4- methyleneglutamine; pl, isoelectric pH value.
particularly of the Leguminoseae and Liliaceae families. Accumulation of such compounds occurs especially during mobilization of storage reserves in seeds or bulbs (2) . Of these unusual amino acids, MeGln has been implicated in the process of N-translocation by peanut seedlings because of its temporal and spatial distribution relative to MeGlu (4, 14) , and also because germinating peanuts contain both an amide synthetase (13) and an amidohydrolase (5, 12) that show a strong preference for MeGlu or MeGln, respectively, over glutamic acid or glutamine.
Amidohydrolase activity toward MeGln was first detected by Fowden (5) ; the enzyme was subsequently partially purified and some of its properties established in both his and our laboratory (8, 12) . In neither instance, however, was a homogeneous protein obtained, the presence of multiple forms of the enzyme was indicated, and although such enzyme preparations showed a strong preference for MeGln as a substrate, they also catalyzed the hydrolysis ofglutamine. The presence of significant glutaminase activity in plant tissues, especially green leaves, is unusual since glutamine is a key intermediate for ammonium ion assimilation and detoxification in such processes as de novo nitrate assimilation and photorespiration, wherein direct transfer of amide nitrogen to acceptors occurs.
To better understand the role of MeGln in N-translocation and how this role might relate to the regulation (both at the molecular and genetic level) of enzymes involved in its biosynthesis and degradation, we are attempting to identify, purify, and characterize relevant enzymes. We report here further purification (i.e. more than 1000-fold) of MeGln amidohydrolase activity from extracts of peanut leaves, more of its properties, the preparation of antibodies to the enzyme, and their use in screening for cross-reactive protein(s) in other plant species that do and do not contain MeGln and/or MeGlu.
MATERIALS AND METHODS

Extraction and Purification of MeGIn Amidohydrolase from Peanut Leaves
The growth of peanut (Arachis hypogaea) plants, extraction of the leaves, and purification of MeGln amidohydrolase therefrom were performed essentially as previously described 206 (12) with the following modifications. Leaf tissue from 14-dold peanuts (100 g fresh weight) was extracted with 400 mL of 50 mm Hepes buffer (pH 7.0) containing 2 mm EDTA, 0.5 mM PMSF, 5 mM f3-mercaptoethanol, and approximately 5 g acid-washed PVP by the procedures indicated earlier (12) . After the crude extract was treated with protamine sulfate, the protein precipitating between 25 and 70% saturated (NH4)2SO4 was removed by centrifugation and redissolved in 10 mm Tris. HCl buffer (pH 7.6) containing 1 mM EDTA and 1 mm fl-mercaptoethanol. This solution was then passed through a column (5 x 80 cm) of BioGel AO.5m (Bio-Rad Laboratories) at 90 ml/h of the same buffer. The fractions containing amidohydrolase activity, occurring at about 1.05 liters, were pooled and concentrated to 20 mL for application to a column of DEAE-Sephacel. This and the remaining steps of purification through chromatofocusing were carried out as described before (12) . The Davis (3) . Protein bands were visualized by staining with Coomassie brilliant blue. To accomplish further purification, enzymatically active bands located on tube gels as described below were sliced from the gel, the slices were suspended in 0.1 mL of the purification buffer, and the protein was allowed to extract by standing at 4°C overnight. The liquid was then withdrawn and the extraction procedure repeated. The gel extracts were combined, diluted with buffer, and concentrated by use of Centricon-10 microconcentrators (Amicon) several times. These electrophoretically resolved forms ofthe enzyme were used to elicit polyclonal antibodies in rabbits by standard procedures (7) . PAGE was also performed in the presence of SDS according to the method of Laemmli (10) .
Detection of Amidohydrolase Activity on Gels
To locate amidohydrolase activity directly on gels after electrophoresis, the release of glutamate from glutamine was coupled with a staining method for glutamate dehydrogenase activity using a sandwich-type incubation as described by Gabriel (6) . The Immunoblotting of proteins resolved on SDS gels was carried out by standard procedures (7) . After electrophoresis, proteins were electroblotted to nitrocellulose membranes; the membranes were then blocked with 5% powdered milk plus 1% BSA, reacted with crude rabbit antiserum diluted 600-fold in blocking solution, and probed with purified goat antirabbit IgG antibody coupled to horseradish peroxidase diluted 3000-fold. The latter was then detected using Bio-Rad HRP color-developing reagent. Controls probed with preimmune serum were negative.
Plant and Other Materials
Peanut seed (Valencia, cv Tennessee Red) was harvested from plants grown at the Matthei Botanical Gardens, The University of Michigan, which were grown from material initially obtained from Park Seed Co., Greenwood, SC. 4-Methylene-L-glutamine and 4-methylene-L-glutamic acid of purity greater than 99% were isolated from extracts of peanut seedlings. Other 4-substituted DL-glutamic acids were synthesized from diethylacetamidomalonate and the appropriate 3-bromo ester. Reagents for polyacrylamide gels and immunoblotting were purchased from Bio-Rad Laboratories. Phenazine methosulfate and nitroblue tetrazolium were obtained from U.S. Biochemical Corp. 6-Diazo-5-oxo-L-norleucine was from Chemical Dynamics Corp. All other biochemicals were from Sigma.
RESULTS
Purification of MeGIn Amidohydrolase
We modified the purification procedure developed earlier (12) by immediately subjecting the protamine sulfate-treated supernatant solution to fractionation by (NH4)2SO4 followed by desalting on BioGel AO.Sm, rather than subjecting it to prolonged concentration by ultrafiltration and subsequent dialysis. As can be seen in Table I , a significantly greater proportion of the activity was recovered in the DEAE-Sephacel chromatographic step as well as after chromatofocusing. This result suggests that some or all of the observed multiple forms of the amidohydrolase may arise by modification of the protein during prolonged concentration and dialysis of a relatively crude fraction. Although the modified procedure saves no time overall, it accomplishes some fractionation (i.e., by [NH4J2SO4) early in the process. Ibrahim et al. (8) also used a broad range of (NH4)2SO4 precipitation as an initial fractionation step; they, however, did not report the presence of multiple forms of the enzyme, although their subsequent procedures were different from ours and the specific activity of their final preparation was much less.
Chromatofocusing of the enzyme solution after DEAESephacel and Sephacryl S-200 column chromatography, per- (12) . After polybuffer was removed from the eluent by Sephadex G-75 column chromatography, the enzyme activity was stable in solution for many months at 40C.
Electrophoresis of the Purified Enzyme Preparation
Despite the apparent greater homogeneity of the major peak of amidohydrolase activity after chromatofocusing, electrophoresis of this fraction on nondenaturing polyacrylamide gels showed the presence of two catalytically active forms of the enzyme ( Fig. 2A ). These two bands were cut out and the enzyme eluted from the gel. Re-electrophoresis of each eluate showed a single band of protein and amidohydrolase activity in the same position as that from which it was originally eluted, indicating that the electrophoretically distinct forms of the enzyme are not interconverted spontaneously. Each of the electrophoretically purified forms of the amidohydrolase was also subjected to gel electrophoresis under denaturing conditions (Fig. 2B) . The major band (band I, less mobile form from the native gel) migrated as two protein bands of nearly equal intensity (molecular mass 57,000 and 50,000), whereas the more mobile native fraction (band II) contained primarily the 50-kD form. If each of the electrophoretically purified forms of the enzyme were treated with the SDS-containing sample buffer without heating before electrophoresis, a third, somewhat diffuse band of smaller apparent molecular mass, which retained amidohydrolase activity, was observed (results not shown).
Each of the two electrophoretically purified, enzymatically (Table II) .
Activation and Inhibition Studies
Other compounds were also tested for possible effects on MeGln amidohydrolase activity. In all cases, we used the coupled spectrophotometric assay to observe the time course of the reaction. When an inhibitory effect was observed, an aliquot of NH4+ was subsequently added to the assay mixture to confirm that the coupling reaction was not affected. Table  III Table IV . Clearly, the data correspond more closely to overall rates in which each substrate inhibits the other with the Ki value equalling the Km value. These data show directly the inhibition of MeGln hydrolysis by glutamine; on the other hand, inhibition of glutamine hydrolysis by MeGln is not directly demonstrated. Two additional experiments, however, indicate that such inhibition does occur: (a) the presence of MeGln in the activity stain (which specifically detects glutamate formed from glutamine) delays color formation; and (b) the presence ofMeGln substantially decreases the amount of ['4C]glutamic acid released by the enzyme from ['4C]glutamine (Table V) .
MeGin Amidohydrolase Activity and Cross-Reacting Proteins in Other Plant Species
Several other plant species that accumulate 4-substituted glutamic acids (and some legumes that do not) were examined The detection of multiple electrophoretic forms of this enzyme may be due to the presence of true isozymes or the protein being modified during extraction/purification procedures. Since modifications we have made in such procedures appear to alter quantitatively the distribution of distinct forms, it seems likely that some modification of the enzyme may be occurring. This could include limited proteolysis, the hydrolysis of glutamine or asparagine residues, transamidation ofglutamine residues via transglutaminase activity, phosphorylation or dephosphorylation, etc. As an example, multiple electrophoretic forms of rat liver serine hydroxymethyltransferase have recently been shown to be the result of deamidation of asparagine residues with subsequent formation of aspartyl or isoaspartyl residues (1). In a preliminary experiment (data not shown), we found that the addition of 2 mm putrescine to the extraction medium possibly provides even greater recovery of MeGln amidohydrolase activity in the major electrophoretic band, suggesting that transamidation with polyamines may be occurring.
The presence on nondenaturing polyacrylamide gels of two major electrophoretic forms of the enzyme (having identical pI values of 5.1) that contain varying amounts of peptides separable by SDS-gel electrophoresis (Fig. 2) is difficult to explain if the native enzyme is assumed to exist as a single polypeptide. This observation could be explained, however, if the less mobile native form (band I) is a heterodimer of subunits having molecular masses of 57 and 50 kD, whereas band II is a homodimer of two 50-kD subunits. In our previous work, we found significantly different molecular masses for the native enzyme by the techniques ofgel filtration chromatography and sucrose density gradient centrifugation, and suggested that high sucrose concentrations might lead to aggregation. Enzyme samples subjected to gel electrophoresis are also subjected to high sucrose concentrations when layered in the sample wells, but the protein migrates out ofthe sucrose solution during the run. Furthermore, if random aggregation were occurring, we would also expect to observe a band containing only the 57-kD subunit; no such band has been seen and each isolated band migrates to its original position on subsequent electrophoresis. This question of the molecular mass and native tertiary structure of MeGln amidohydrolase requires further investigation.
In this work, we established with greater certainty that the hydrolysis of MeGln and glutamine are manifestations of the same enzymic activity. The most pure proteins we have now obtained (which appear to be virtually homogeneous) retain a constant ratio ofglutamine: MeGln hydrolysis, the activities are subject to the same inhibitors by the same type of inhibition, and the two substrates appear to be mutually inhibitory with Ki values approximately equal to their respective Km values. In species whose major N-transport compound is asparagine or ureides (or in all species, nitrate), the majority of the N is released as ammonium ion and is rapidly reassi-milated via glutamine synthetase (11 
